The bone-resorbing osteoclast is essential for skeletal remodeling, yet its deregulation contributes to diseases such as osteoporosis and cancer bone metastasis. Here we identify histone deacetylase 7 (HDAC7) as a key negative regulator of osteoclastogenesis and bone resorption using both in vitro cellular and molecular analyses and in vivo characterization of conditional HDAC7-knockout mice. Bone marrow osteoclast differentiation assays reveal that HDAC7 overexpression suppresses, whereas HDAC7 deletion enhances, osteoclastogenesis. Mechanistically, in the absence of receptor activator of nuclear factor -B ligand (RANKL), HDAC7 attenuates ␤-catenin function and cyclin D1 expression, thereby reducing precursor proliferation; upon RANKL activation, HDAC7 suppresses NFATc1 and prevents ␤-catenin down-regulation, thereby blocking osteoclast differentiation. Consequently, HDAC7 deletion in the osteoclast lineage results in a 26% reduction in bone mass (P ϭ 0.003) owing to 102% elevated bone resorption (P ϭ 0.01). These findings are clinically significant in light of the remarkable therapeutic potentials of HDAC inhibitors for several diseases such as cancer, diabetes, and neurodegeneration. (Molecular Endocrinology 27: 325-335, 2013) S keletal homeostasis is controlled by the delicate balance between osteoclast-mediated bone resorption and osteoblast-mediated bone formation. Osteoclasts are multinucleated cells differentiated from myeloid progenitors by mainly two cytokines, macrophage colony-stimulating factor (MCSF) and receptor activator of nuclear factor -B ligand (RANKL) (1-3). RANKL induces the expression of key transcription factors such as NFATc1 and c-fos that are essential for osteoclast differentiation and maturation (4, 5). Osteoclasts are required for normal functions such as bone remodeling and fracture repair. However, excessive osteoclast activity can lead to several disorders such as osteoporosis, arthritis, and cancer bone metastasis. Therefore, discovery of novel mechanisms underlying the regulation of osteoclastogenesis is pivotal to enhance our understanding of bone physiology, and the identification of key modulators of bone resorption may reveal new therapeutic targets for the prevention and treatment of bone diseases.
S
keletal homeostasis is controlled by the delicate balance between osteoclast-mediated bone resorption and osteoblast-mediated bone formation. Osteoclasts are multinucleated cells differentiated from myeloid progenitors by mainly two cytokines, macrophage colony-stimulating factor (MCSF) and receptor activator of nuclear factor -B ligand (RANKL) (1) (2) (3) . RANKL induces the expression of key transcription factors such as NFATc1 and c-fos that are essential for osteoclast differentiation and maturation (4, 5) . Osteoclasts are required for normal functions such as bone remodeling and fracture repair. However, excessive osteoclast activity can lead to several disorders such as osteoporosis, arthritis, and cancer bone metastasis. Therefore, discovery of novel mechanisms underlying the regulation of osteoclastogenesis is pivotal to enhance our understanding of bone physiology, and the identification of key modulators of bone resorption may reveal new therapeutic targets for the prevention and treatment of bone diseases.
Wnt/␤-catenin signaling is a key regulator of skeletal physiology. This pathway is clinically important because neutralizing antibodies against Wnt antagonists are promising new drugs for bone diseases (6 -11) . Previous studies have shown that activation of Wnt/␤-catenin signaling can increase osteoblast-mediated bone formation and modulate osteoblast functions (12) (13) (14) (15) . Our recent study has identified ␤-catenin as a novel and critical regulator of osteoclast differentiation and bone resorption (16) . ␤-Catenin protein and its target gene cyclin D1 are induced during the MCSF-mediated precursor proliferation but must be down-regulated during RANKL-mediated osteoclast differentiation; ␤-catenin constitutive activation blocks, whereas ␤-catenin dosage reduction enhances, osteoclast differentiation (16, 17) . However, the upstream factors that govern ␤-catenin regulation in this process are unknown.
Histone deacetylases (HDACs) are important regulators of a wide variety of biological processes, such as muscle differentiation and neuronal survival, by deacetylating both histone and nonhistone proteins (18) . Based on structural and functional similarities, the 18 HDACs in the human genome are classified into four groups. Class I HDACs (HDACs 1, 2, 3, and 8) are broadly expressed and represent the major enzymes for histone deacetylation. In contrast, class II HDACs (HDACs 4 -7, 9, and 10) are expressed in a more tissue-restricted manner and appear to have less contribution to histone deacetylation. Class III HDACs (Sirtuins 1-7) require reduced nicotinamide adenine dinucleotide for enzymatic activity. Class IV HDAC (HDAC11) is still poorly understood (19) .
HDACs are also emerging as key regulators of skeletal homeostasis (19) . Several in vitro studies report that osteoclast differentiation can be suppressed by HDAC inhibitors (20 -24) , which are broad-spectrum compounds that target several HDAC members (18) . Nonetheless, the specific physiological roles of individual HDAC in bone, particularly in osteoclasts, are largely unknown (19) . This is an important question because HDAC inhibitors, many of which are currently in clinical trials, hold tremendous therapeutic potential for numerous diseases such as cancer, diabetes, and neurodegeneration (25, 26) .
HDAC7 is a member of the class IIa HDACs. In vitro studies suggest that HDAC7 regulates the maturation of both osteoclast and osteoblast (27, 28) . However, whether HDAC7 is a physiologically relevant regulator of osteoclastogenesis and bone resorption in vivo is still an open question, and the mechanisms underlying potential HDAC7 regulation of osteoclast is unclear. In this study, by generating two new mouse genetic models that target HDAC7 in the osteoclast lineage, we reveal a critical role of HDAC7 in suppressing osteoclastogenesis and bone resorption via a novel molecular mechanism that involves the dual regulation of ␤-catenin and NFATc1.
Materials and Methods

Mice
HDAC7 flox mice (29) and peroxisome proliferator-activated receptor ␥ (PPAR␥)-tTA;TRE-cre mice (16, 30, 31) were previously described. Lysozyme-cre mice (32) were purchased from The Jackson Laboratory (Bar Harbor, ME). All experiments were performed with littermates. All protocols for mouse experiments were approved by the Institutional Animal Care and Use Committee of University of Texas Southwestern Medical Center.
Bone analyses
Micro-computed tomography (CT) was performed on tibias to evaluate bone volume and architecture using a Scanco CT-35 instrument (SCANCO Medical, Wayne, PA) as previously described (33, 34) . Histomorphometry of femoral sections was conducted using the BIOQUANT Image Analysis software (Bioquant, Nashville, TN). Tartrate-resistant acid phosphatase (TRAP) staining of osteoclasts was performed using a Leukocyte Acid Phosphatase staining kit (Sigma, St. Louis, MO). As a bone resorption marker, serum CTX-1 was measured with the RatLaps enzyme immunoassay kit (Immunodiagnostic Systems, Fountain Hills, AZ) (33) . As a bone formation marker, serum amino-terminal propeptide of type I collagen (P1NP) was measured with the Rat/Mouse P1NP enzyme immunoassay kit (Immunodiagnostic Systems) (33) .
Ex vivo bone marrow osteoclast differentiation
Osteoclasts were differentiated from mouse bone marrow cells as described previously (16, 35 
Osteoclast precursor proliferation assay
Osteoclast precursor proliferation was quantified using a bromodeoxyuridine (BrdU) Cell Proliferation Assay Kit (GE Healthcare Life Sciences, Piscataway, NJ) (16, 36) . Mouse bone marrow cells were treated with MCSF (40 ng/ml) for 1 or 3 d. The cells were MCSF-starved for 6 h, and then restimulated with MCSF for 4 h to induce S phase, during which BrdU was provided in the culture medium. Cell proliferation was quantified as BrdU incorporation using the BrdU ELISA assay in the kit.
Gene expression analyses
RNA expression was analyzed by quantitative RT-PCR. RNA was reverse transcribed into cDNA using an ABI High Capacity cDNA RT Kit, and analyzed using real-time quantitative PCR (SYBR Green) in triplicate. All RNA expression was normalized by L19. Genes analyzed and PCR primer sequences are listed below. Protein expression was analyzed by Western blot using whole-cell extract or nuclear extract. The following antibodies were used: anti-␤-catenin and anticyclin D1 (BD Biosciences, Palo Alto, CA); anti-HDAC7 (Abcam, Inc., Cambridge, MA) and anti-␤-actin (Sigma).
HDAC7a
Transient transfection and reporter analysis
To quantify ␤-catenin activity, human embryonic kidney (HEK)293 cells were transfected with a TOP-flash luciferase reporter, or FOP-flash negative control, together with a cytomegalovirus-␤-gal reporter (as internal control for transfection efficiency), as well as expression plasmids for ␤-catenin-⌬ex3, HDAC7, NFATc1, or vector control. To quantify NFATc1 activity, HEK293 cells were transfected with an NFATc1-luciferase reporter (Stratagene, La Jolla, CA), together with a cytomegalovirus-␤-gal reporter, as well as expression plasmids for NFATc1, HDAC7, or vector control. HDAC7 plasmid was generously provided by Dr. Eric Olson (University of Texas Southwestern). ␤-Catenin-⌬ex3 plasmid was generously provided by Dr. Chi Zhang (Texas Scottish Rite Hospital for Children). NFATc1 plasmid was purchased from Open Biosystems (Huntsville, AL). All transfection was performed using FuGENE HD (Roche) (n ϭ 6) and repeated for at least three times. Reporter assays were conducted 48 h after transfection, and luciferase activity was normalized by ␤-gal activity.
Statistical analyses
Statistical analyses were performed with Student's t test and represented as mean Ϯ SD; *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.005; ****, P Ͻ 0.001; n.s., nonsignificant, P Ͼ 0.05.
Results
HDAC7 expression during osteoclast differentiation
We first examined HDAC7 expression during a time course of osteoclast differentiation. (Fig. 1C) . Furthermore, HDAC7 mRNA was significantly down-regulated after 24 h of RANKL treatment, and further suppressed by the cotreatment with rosiglitazone, an agonist of the nuclear receptor PPAR␥ that has been shown to accelerate osteoclastogenesis (16, 35) (Fig. 1D ). These results suggest that HDAC7 may be a negative regulator of osteoclast differentiation.
HDAC7 overexpression inhibits osteoclast differentiation
To investigate the roles of HDAC7 in osteoclastogenesis, we first examined the effects of HDAC7 gain of function. Bone marrow cells from wild-type mice were transfected with a HDAC7 expression plasmid or a vector control before osteoclast differenti- ation. HDAC7 expression was effectively elevated at both mRNA and protein levels (Fig. 2 , A and E). As a result, osteoclast differentiation was suppressed, illustrated by the reduced expression of RANKL-induced and rosiglitazone-stimulated differentiation marker genes such as NFATc1, c-fos, and TRAP (Fig. 2B) , as well as resorptive activity marker genes such as Ctsk, CAR2, MMP9, Atp6v0d2, and Clcn7 (Fig. 2C ), leading to decreased number and size of TRAP ϩ multinucleated mature osteoclasts (Fig. 2D) .
To explore the mechanisms for the antiosteoclastogenic effects of HDAC7 overexpression, we examined the levels of ␤-catenin and cyclin D1, the down-regulation of which upon RANKL treatment is required for osteoclast differentiation (16) . HDAC7 overexpression prevented the down-regulation of ␤-catenin and cyclin D1 proteins in whole cells, and more dramatically in the nucleus, leading to their constitutive expression (Fig. 2E) . This indicates that HDAC7 gain of function inhibits osteoclast differentiation by sustaining ␤-catenin and cyclin D1 levels.
HDAC7 deletion enhances osteoclast differentiation
We next determined the effects of HDAC7 loss of function on osteoclastogenesis. To delete HDAC7 in the macrophage/osteoclast lineage, we crossed HDAC7 flox mice (29) n ϭ 3) . B, RANKL-induced and Rosi-stimulated expression of osteoclast transcription factors (NFATc1 and c-fos) and differentiation marker (TRAP) were attenuated by HDAC7 overexpression (n ϭ 3). C, RANKL-induced and Rosi-stimulated expression of osteoclast resorptive activity markers were decreased by HDAC7 overexpression (n ϭ 3). D, Osteoclast formation was suppressed by HDAC7 overexpression. Mature osteoclasts were identified as multinucleated TRAP ϩ (purple) cells (n ϭ 3). Scale bar, 25m. E, RANKL-mediated down-regulation of ␤-catenin and cyclin D1 proteins was abolished by HDAC7 overexpression. Whole-cell extract or nuclear extract were isolated from the differentiation cultures 3, 5, 7, or 9 d after RANKL stimulation, and immunoblotted with antibodies for ␤-catenin, cyclin D1, HDAC7, or ␤-actin. Statistical analyses were performed with Student's t test and are shown as mean Ϯ SD; *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.005; ****, P Ͻ 0.001. V, Vehicle.
HDAC7 (HDAC7
flox/flox ; Ly-cre ϩ ) conditional knockout mice. Osteoclast differentiation from the bone marrow of Ly-HDAC7 mice was enhanced compared with the littermate HDAC7 flox/flox controls, illustrated by more and larger TRAP ϩ multinucleated mature osteoclasts in culture (Fig. 3A ) and higher expression of osteoclast differentiation and activity marker genes (Fig. 3, B and C) . Upon RANKL treatment, HDAC7 deletion resulted in a more rapid down-regulation of ␤-catenin and cyclin D1 mRNAs (Fig. 3D) , along with an accelerated reduction in ␤-catenin and cyclin D1 proteins in whole cells, and more profoundly in the nucleus (Fig. 3E) . Western blot analysis showed that HDAC7 protein expression was severely blunted in the Ly-HDAC7 differentiation cultures, confirming efficient HDAC7 gene deletion by Ly-cre (Fig.   3E ). Together, these results show that HDAC7 loss of function stimulates osteoclast differentiation by accelerating RANKL-mediated ␤-catenin and cyclin D1 down-regulation.
HDAC7 deletion promotes osteoclast precursor proliferation
We next examined the effect of HDAC7 deletion on MCSF-mediated osteoclast precursor proliferation, which requires the up-regulation of ␤-catenin and cyclin D1 (16) (Fig. 4A) . Consistent with this observation, nuclear ␤-catenin and cyclin D1 protein levels were (n ϭ 3) . C, RANKL-induced and Rosi-stimulated expression of osteoclast resorptive activity markers were increased by HDAC7 deletion (n ϭ 3). D and E, RANKL-mediated down-regulation of ␤-catenin and cyclin D1 mRNA (D) and protein (E) were accelerated by HDAC7 deletion (n ϭ 3). RNA, whole-cell extract, or nuclear extract were isolated from the differentiation cultures 3, 5, 7, or 9 d after RANKL stimulation and immunoblotted with antibodies for ␤-catenin, cyclin D1, HDAC7, or ␤-actin. Statistical analyses were performed with Student's t test and are shown as mean Ϯ SD; *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.005; ****, P Ͻ 0.001. R, RANKL, V, vehicle; WT, wild type. elevated in the Ly-HDAC7 proliferation cultures (Fig.  4B) . This was opposite from the decreased ␤-catenin and cyclin D1 protein levels in the Ly-HDAC7 differentiation cultures (Fig. 3E) . Our previous study showed that RANKL functions as a ␤-catenin switch so that ␤-catenin is increased before RANKL treatment but decreased upon RANKL stimulation (16) . Our current results suggest that HDAC7 also differentially regulates ␤-catenin function so that it inhibits ␤-catenin before RANKL treatment but promotes ␤-catenin upon RANKL stimulation.
HDAC7 reverses RANKL-mediated ␤-catenin switch by suppressing NFATc1
To further investigate the mechanisms for RANKLdependent regulation of ␤-catenin by HDAC7, we next examined how HDAC7 and RANKL-induced transcription factors regulate ␤-catenin activity using a transient transfection assay of the TOP-flash luciferase reporter in a heterologous cell line. Although HEK293 cells represent a different cellular context from osteoclasts, this cell line is widely used for transient transfection and reporter analysis to dissect the functions of individual transcription factor. First, we identified NFATc1 as the transcription factor that mediates the RANKL switch, because ␤-catenin activity was specifically suppressed by NFATc1 (Fig. 4C) , but not other RANKL-induced transcription factors such as cfos (data not shown). Second, the effects of HDAC7 on ␤-catenin activity was NFATc1 dependent because ␤-catenin activity was inhibited by HDAC7 in the absence of NFATc1, but stimulated by HDAC7 in the presence of NFATc1 (Fig. 4C) . Third, a transient transfection assay of the NFATc1-luciferase reporter revealed that HDAC7 dose-dependently inhibited NFATc1 activity (Fig. 4D) . Together with the HDAC7 suppression of NFATc1 expression during osteoclast differentiation (Figs. 2B and 3B) , these results show that HDAC7 attenuates NFATc1 function and abolishes NFATc1 suppression of ␤-catenin in the presence of RANKL, consequently blocking osteoclast differentiation. On the other hand, in the absence of RANKL, HDAC7 inhibits ␤-catenin expression and activity (Fig. 4 , B and C), thereby decreasing osteoclast precursor proliferation. Therefore, the combined suppression of precursor proliferation and osteoclast differentiation by HDAC7 would predict that HDAC7 deletion in the osteoclast lineage increases bone resorption and decreases bone mass in vivo.
Osteoclastic HDAC7 deletion in mice decreases bone mass by increasing bone resorption
To determine the in vivo consequences of osteoclastic HDAC7 deletion, we next analyzed the bone phenotype in Ly-HDAC7 mice. Micro-computed tomography (CT) analysis revealed that Ly-HDAC7 mice exhibited a lower bone mass manifested as a significantly decreased bone volume/tissue volume ratio (BV/TV, Ϫ26%), bone surface (BS, Ϫ29%), and trabecular number (Ϫ25%), along with a significantly increased trabecular separation (ϩ47%), leading to weaker bones with a higher structure model index (ϩ53%) and a lower connectivity density A, Osteoclast precursor proliferation was increased by HDAC7 deletion (n ϭ 10). BrdU incorporation was compared between bone marrow cultures from Ly-HDAC7 knockout mice or littermate controls 1 or 3 d after MCSF treatment. B, ␤-Catenin and cyclin D1 protein levels during precursor proliferation were elevated by HDAC7 deletion. Whole-cell extract or nuclear extract was isolated from the bone marrow cultures 1 or 3 d after MCSF treatment, and immunoblotted with antibodies for ␤-catenin, cyclin D1, or ␤-actin. C, ␤-Catenin activity was inhibited by HDAC7 in the absence of NFATc1, but stimulated by HDAC7 in the presence of NFATc1 in a transient transfection assay. TOP-flash activity was normalized by FOP-flash activity control (n ϭ 6). *, HDAC7 compared with vector control; ϩ , ϪNFATc1 compared with ϩNFATc1. D, NFATc1 activity was suppressed in a dose-dependent manner by HDAC7 in a transient transfection assay (n ϭ 6). Statistical analyses were performed with Student's t test and are shown as mean Ϯ SD; *, P Ͻ 0.05; **** or ϩϩϩϩ , P Ͻ 0.001. WT, Wild type.
(Ϫ48%) (Fig. 5A-B) . ELISA analyses of serum markers showed that this low-bone mass phenotype was specifically caused by an increased bone resorption because the bone resorption marker CTX-1 (C-terminal telopeptides of Type I collagen) was 102% higher (Fig. 5C ), whereas the bone formation marker P1NP was unchanged (Fig.  5D) . Consistent with these observations, histomorphometry analysis showed that osteoclast number and surface were significantly increased in the Ly-HDAC7 knockout mice compared with littermate control mice (Fig. 5, E and  F) . These findings indicate that HDAC7 deletion in the macrophage/osteoclast population results in osteopenia due to elevated bone resorption.
To further investigate the in vivo effects of HDAC7 deletion in the entire osteoclast lineage, we decided to examine another cre driver that can target early osteoclast progenitor cells. Our previous study used Tie2cre for this purpose (35) ; however, Tie2cre-mediated HDAC7 deletion results in early embryonic lethality (29) . We have recently shown that osteoclast progenitors reside in PPAR␥ ϩ hematopoietic bone marrow cells; and PPAR␥-tTA;TRE-cre (PT-cre) driver can efficiently target the entire scale bar, 1mm) . B, Quantification of trabecular bone volume and architecture. Tb.N, Trabecular number; Tb.Sp, trabecular separation; SMI, structure model index; Conn.D., connectivity density. C, Serum CTX-1 was increased (3-month-old males, n ϭ 6). D, Serum P1NP was unaltered (3-month-old males, n ϭ 6). E and F, Bone histomorphometry analysis shows increased osteoclasts in the Ly-HDAC7 mice compared with littermate controls (3-month-old males, n ϭ4). E, Representative images of TRAP-stained femoral sections. Osteoclasts were identified as multinucleated TRAP ϩ (purple) cells. Scale bar, 100 m. F, Quantification of osteoclast surface and osteoclast number. Oc.S, osteoclast surface; B.Ar, bone area. Statistical analyses were performed with Student's t test and are shown as mean Ϯ SD; *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.005; ****, P Ͻ 0.001; n.s., nonsignificant. , P Ͼ 0.05. osteoclast lineage (16, 31) . Thus, we bred HDAC7 flox/flox mice with PT-cre mice to generate PT-HDAC7 (HDAC7 flox/flox ; PT-cre ϩ ) conditional knockout mice. CT analysis showed that the PT-HDAC7 mice had a similar low-bone-mass phenotype as the Ly-HDAC7 mice with reduced BV/TV, bone surface, trabecular number, and connectivity density, along with increased bone surface/bone volume (BS/BV) ratio and trabecular separation (Fig. 6, A and B) . ELISA analyses of serum markers showed that the PT-HDAC7 mice had increased bone resorption (Fig. 6C ) but unaltered bone formation (Fig.  6D) . Consistently, osteoclast differentiation from the bone marrow of PT-HDAC7 mice was enhanced compared with the littermate HDAC7 flox/flox controls (Fig.  6E) . These data further confirm the in vivo antiosteoclastogenic role of HDAC7. Together, the findings from two osteoclastic HDAC7 knockout mouse models convincingly demonstrated that HDAC7 is a physiologically relevant negative regulator of bone resorption that exerts profound consequences on skeletal mass.
Discussion
In this study, using both in vitro and in vivo strategies, we have identified HDAC7 as an important and physiologically relevant negative regulator of osteoclastogenesis and bone resorption. Mechanistic studies reveal that HDAC7 suppresses both osteoclast precursor proliferation and osteoclast differentiation via a dual regulation of ␤-catenin and NFATc1. In the absence of RANKL, HDAC7 inhibits precursor proliferation by attenuating ␤-catenin and cyclin D1 expression as well as ␤-catenin activity. Upon RANKL stimulation, HDAC7 inhibits osteoclast differentiation by suppressing NFATc1 expression and activity and preventing the down-regulation of ␤-catenin and cyclin D1. Therefore, HDAC7 impedes osteoclastogenesis by a novel mechanism of reversing the RANKL/NFATc1-mediated ␤-catenin switch (Fig. 7) . Consequently, HDAC7 deletion in the osteoclast lineage results in higher bone resorption and lower bone mass in two mouse genetic models. This is the first in vivo study that reports a critical physiological function of an individual HDAC in osteoclastogenesis and bone resorption. Future studies are required to elucidate the detailed molecular mechanisms for how HDAC7 regulates the expression and activity of ␤-catenin, NFATc1, and cyclin D1. Because both histone and nonhistone proteins can be modified by acetylation, HDAC7 may function via multiple targets to alter chromatin structure as well as to modulate the activity, stability, recruitment, and/or subcellular localization of these transcription factors. Another important question is which histone acetyltransferases oppose the function of HDAC7 during osteoclastogenesis to balance the acetylation switches.
Numerous HDAC inhibitors are currently in clinical trials for the treatment of a bevy of diseases including cancer and neurodegeneration (25, 26) . Interestingly, inhibition of class IIa HDACs (HDAC 4, 5, and 7) has also been recently implicated as a potential therapeutic strategy for ameliorating type 2 diabetes (37, 38) . In light of the bone loss side effects of several current diabetes and cancer drugs such as rosiglitazone and exemestane (39 -41) , it is important to understand the functional roles of each HDAC in bone physiology and the effects of HDAC inhibition on skeletal health. On the one hand, some HDAC inhibitors may be beneficial to the skeleton and represent potential therapy for bone diseases. On the other hand, some HDAC inhibitors may cause bone fragility, and combined treatment with boneboosting drugs such as bisphosphonates or denosumab may be beneficial (42) .
Although in vitro studies have reported that broad-spectrum HDAC inhibitors suppress osteoclast differentiation (20 -24) , our in vivo study has unexpectedly revealed that the specific deletion of HDAC7 in mice promotes osteoclastogenesis and bone resorption. The physiological roles of other HDACs, including other class IIa HDAC members, in osteoclasts are still unknown. Hence, the dissection of the specific regulation by each individual HDAC using mouse genetics will be the key to distinguish the friends and foes of bone and to facilitate the development of new HDAC inhibitors with maximum therapeutic benefits but less bone loss side effects. To this end, in vitro studies suggest that HDAC7 (a class II HDAC) and HDAC3 (a class I HDAC) may exert opposite effects on osteoclast differentiation (28) . Initiated by our identification of HDAC7 as the first antiosteoclastogenic HDAC in vivo, future studies will promise to elucidate the many more versatile functions of the HDAC family in skeletal physiology.
